Abstract: Supply chain configuration lends itself to be an effective means to deal with product differentiation and customization throughout a supply chain network. It essentially entails the instantiation of a generic supply chain network to specific supply chains in accordance with diverse customer requirements. The linchpin of supply chain configuration lies in the coordination of product, process and logistics decisions in relation to a variety of customer orders. This paper aims to provide modeling support to supply chain configuration.
(2) Diversity in customer requirements. The industry today is characterized by the diversity in customer requirements. It is exhibited by a high variety of customized products, reduced batch sizes and shortened delivery times as required by the end customers. Therefore, the variations in customer requirements lead to changes in product specifications and further the suppliers that suppose to provide the constituent materials. As a consequence, to obtain the most added value in terms of the best prices and the fastest services, different supply chains are required to fulfill different customer orders (Piramuthu, 2005) . It is not unusual that a company is often in a situation of struggling to select proper suppliers for several customer orders at the same time due to the various requirements. Substantial benefits can be expected through proper coordination of supply chain decisions with the design and production of the products to be fulfilled in that supply chain.
Production process design is also influenced by product design. Product design changes may affect decisions regarding how to produce the product and others, e.g., capabilities.
Consequently, the choices in product design and item selection add to the complexity in process decision making, such as changes of operations, operations precedence, machines, tools, fixtures. Such changes possess a major influence on the production costs, delivery times and product quality. Thus, considering the process to be adopted to produce the product is of similar importance in configuring supply chains. Blackhurst et al. (2005) recognize that there are considerable benefits in configuring supply chains taking into account both the design of a The dispersed locations of suppliers bring about the complexity in logistics issues such as transport ways, transport tools, costs, and delivery times. The logistics decision making is further complicated by the multiple transport ways and tools of a supplier (to deliver product items to its customers). The different logistics decisions influence the performance of each individual company with respect to costs and delivery times from the lowest level of raw material suppliers to the highest level of final product providers. As a consequence, logistics decision making has a major impact on the overall performance of the entire supply chain to be formed to fulfill a customer order.
Therefore, it raises the importance for a company to select proper suppliers to deliver a customer order taking into account product, process and logistics design. In spite of the many research efforts that have been put in supply chain management, research considering the coordinated supply chain configuration, product and process design is relatively limited (Blackhurst et al., 2005) . Arora and Kumar (2002) point out that it is difficult to understand complex systems and make changes to improve their performance without a comprehensive and precise model of the system. The linchpin of supply chain configuration thus lies in an appropriate modeling tool that can shed light on both the logical process of selecting suppliers and the effects of product, process and logistics design on the selection. Such a modeling tool together with the built system models are expected to assist companies in making right decisions in forming supply chains in response to various customer orders. This paper develops a new formalism based on the technique of colored Petri nets (PNs) and further applies it to model the coordinated process of supply chain partner selection from a large supplier base of a company and product, process and logistics design.
The rest of the paper is structured as follows: The relevant literature regarding supply on colored PNs is introduced in Section 4. Section 5 introduces the background of an industrial case company, to which the formalism is applied. The application details of the formalism to supply chain configuration are discussed in Sections 6, 7, and 8. The evaluation of supply chain configuration using PN simulation software is given in Section 9. The discussion of advantages and disadvantages of the developed formalism and the identification of avenues for future research end this paper in Section 10.
Related Work

Supply Chain Configuration
It is well established in literature that a company's supply chain has to be adapted in order to efficiently deliver customized products to the end customers (Pine, 1993; Westbrook and Williamson, 1993) . The concept of supply chain configuration has been at the centre of much recent research. The increasing interest in this area has led to the development of various models and tools aiming at supporting the design, configuration and analysis of supply chains.
However, insight into how supply chains can be configured through selecting proper suppliers does not appear to be as straightforward. Further, most models and methodologies addressing supply chain configuration focus on product design only. Yan and Yu (1998) develop an approach based on mathematical programming to optimizing supply chains with focus on the product structure in the form of bill of materials. In their model, how different processes and logistics affect the systems performance of supply chains cannot be captured. Through empirical research, Salvador et al. (2004) discuss how a company's supply chain should be configured in response to different degrees of product customization. Their work focuses on the impact of changes of the modular product architectures on the corresponding supply chains. Dotoli et al. (2003) design a 3-layered F o r P e e r R e v i e w O n l y 6 decision support system for supply chain configuration. In their system, the fixed product structure, more specifically the bill of materials, is used to evaluate and select supply chain entity candidates without considering the alternative product structures of a same design. Blackhurst et al. (2005) develop a decision support modeling methodology, called PCDM, for supply chain configuration by applying PNs techniques. While PCDM focuses on the impact of sharing information about lead time, inventory and item design on the supply chain performance, it does not address the selection of suppliers among multiple alternatives.
Piramuthu (2005) proposes an automated supply chain configurer (ASCC) framework by applying machine learning technique. ASCC is applicable for a company to select its immediate suppliers rather than all suppliers at different levels.
Coordinated Product, Process and Logistics Decisions
The preferences of end customers have been recognized as the basis for configuring supply chains (Lee and Sasser, 1995) . In recent years, more and more researchers argue that it is more important for companies to consider the coordinated product, process and logistics decisions during supply chain configuration. Salvador et al. (2002) present one of the most comprehensive studies dealing with the mutual interactions among product families, production processes and supply sources. The industry case studies show general guidance for the decision-making processes. Gupta and Krishnan (1999) investigate the reduction in the complexity of a product family through product design by leveraging common characteristics among products within the family. Based on the concept of ontology-oriented constraint networks, Novak and Eppinger (2001) find statically significant relations between supply chain structures and product architectures for luxury and high performance vehicles.
A set of modeling approaches have been proposed to solve the joint supply chain decision-making problems. Park et al. (2000) present a comprehensive mathematical model for integrated product platform and global supply chain configuration and make experimental simulations to evaluate the result. Huang et al. (2005) analyze the impact of platform products, with and without commonality, on decisions pertaining to supply chain configuration and the consequent performance of the configured supply chain. Kim et al. (2002) propose a mathematical model and a solution algorithm to assist the manufacturer in configuring its supply chains for a mix of multiple products that share some common raw materials and/or component parts. In summary, the above work provides certain managerial guidelines at a higher level for supply chain management, and the details at an operational level remains untouched. This study intends to assist companies to make decisions in configuring supply chains from a generic supply chain network at a more detailed level.
PNs for Systems Modeling
As a graphical and mathematical modeling technique, PNs have recently emerged as a promising approach for modeling, simulating and analyzing various systems. However, a PN-based model is highly system dependent and lacks properties such as modularity, reusability and a high degree of maintainability that are commonly required in complex systems to be modeled. Attempting to meet various requirements of systems to be described, many PN variations such as object-oriented PNs (OPNs), colored PNs (CPNs), PNs with changeable structure (PNs-CS) have been developed (Trostmann et al., 1993; Moore and Gupta, 1996; Jiang et al., 1999b) .
As a combination of object-oriented (OO) approach and PN techniques, the OPNs excel in modeling such systems that are rather large and complex. This is because models of OPNs are characterized by the encapsulation of physical objects in systems and the increased reusability and maintainability of objects in built models (Wang 1996a; 1996b) . Two major elements of an OPN model of a system are objects and message passing relations among interacting objects. The activities and states of an object are also encapsulated in its OPN, thus such OPNs are reusable. As a result, the built model of the entire system is more compact, less complex Differing itself from other PNs, a CPN (Jensen, 1992 ) adds colors to tokens, which are black in low-level or ordinary PNs. These colors are used to encode different data types and values that are attached to tokens. The presence of colors makes CPNs the ideal tools to describe systems that contain many similar (but not identical) interacting components (Jensen, 1992) . To accommodate the changes of a system to be modeled, PNs-CS are developed to provide such mechanisms that allow changes to be made to the structures of PN models when the system being described changes. In this way, the changes in the actual system are reflected by the structural changes of the built PN models.
The PNs are employed to describe various systems. The OPNs-CS combining OPNs and PNs-CS are adopted to model one-of-a-kind production systems in (Jiang et al., 1999b) . In their work, they clearly define the objects and message passing relations among interacting objects in the built model. Furthermore, the authors formulate two different kinds of changes to the OPNs-CS models so as to accommodate the changes in production systems. The two changes include the modification of message passing relations and the adding or removing objects to or from the built models. In a similar work, Jiang et al. (2001) apply CPNs-CS to model one-of-a-kind production systems with focus on the changes and uncertainties of such systems. Aiming at modeling the reliability of production resources, such as machines, robots and buffers, the stochastic OPNs (SOPNs) are proposed in (Jiang et al., 1999a) . The difference between SOPNs and OPNs in their work is the addition of stochastic transitions and stochastic places to the OPNs. With understanding of the materials flows, the time constraints, the dynamic behaviors of facilities, and the interaction among facilities in an automated manufacturing system (AMS), Wang and Wu (1998) 
Problem Description
For a given end customer order, several supply chains can be configured from the existing supply chain network of the company that will deliver the ordered product. Among these feasible supply chains, the optimal one will be selected and implemented as the final solution.
All partners in the selected supply chain work towards the common goal of fulfilling the customer order, such that their own interests can be achieved at the same time. To shed light on the elements and their interacting relationships in such a supply chain, some definitions are given below.
is a set of orders launched by end customers.
Each i O is defined as a 4-tuple:
, where O are three sets of assembly orders, component orders and raw material orders, respectively. The selection of upstream entities to fulfill the internal orders is based on the attributes of entities. Figure 1 shows the constituent elements and the relationships inherent in a supply chain network.
<<<<<<<<<<<<<<<<<<<<<<<Insert Figure 1 Here>>>>>>>>>>>>>>>>>>>>
CPN Modeling Formalism
In the OO technique, each object is a generic concept representing a class, and thus contains all descriptive data of its member instances. By selecting certain data, the generic object is instantiated and a specific member is obtained. When the real system changes, the necessary generic objects in the system model, which is built by applying OO technique, are instantiated to the set of desired object instances according to given information. caused by adding or removing entities in the system model, the change handling mechanism in (Jiang et al., 1999b) is also adopted in the CPN modeling formalism.
According to Wang (1996a; 1996b ) the OPN of a physical object has a number of input message places, output message places, activity transactions, state places, and arcs among places and transactions. The dynamic behavior of a physical object is characterized by the state places and activity transactions. The communication between two objects is accomplished by sending and receiving messages.
A CPN model of a supply chain consists of a set of places (Ps) and gates (gs). Each gate connects with two places. A place is an object and denotes a supply chain entity. Thus, a place may represent a final manufacturer that delivers products to customers, an assembly supplier, a component supplier or a raw material supplier. In manufacturing practice, it is common that an entity produces a variety of items, be they products, assemblies, components, or raw materials.
Therefore, in a CPN model a number of colored tokens are assigned to each place. Each token represents a particular item that can be produced by the place, and thus relates to an order placed by a downstream entity. Further, a token records information pertaining to the item such as the quantity of the item, the total cost and lead time. The cost data include a transportation cost, inventory cost and production cost. As both the inventory and production costs are determined by the design and process of the item, in the proposed CPN formalism all changes in product, process and logistics are taken into account. Consequently, modeling configuring supply chains using CPN formalism can assist supply chain entities in making and 7 P , one will be selected to form a supply chain in response to a particular customer order.
Each end customer order is described by the ordered product ( FP ), the ordered quantity ( Q ), the total cost ( C ), and the allowed delivery time ( L ).
<<<<<<<<<<<<<<<<<<<<<<<Insert Figure 2 Here>>>>>>>>>>>>>>>>>>>>
For example, a token with color a (or token a) is assigned to a customer order
A specific supply chain from the supply chain network is configured for this order, as shown in Figure 2 (b). Table 1 .
<<<<<<<<<<<<<<<<<<<<<<<Insert figure. The adoption of the change handling mechanism accommodates such configuration variations in the built system models.
Industry Example
Headquartered in Finland, XYZ Ltd. is a multinational company. It provides a high variety of electrical motors with a wide output power ranging from 1 KW to 3000 KW. Each year XYZ fulfills around 12000 orders. The total number of motor types in these orders is over 800.
These various types of motors require a large number of material items (including raw materials, components and assemblies). In order to obtain the required material items at the right time, XYZ maintains a large supplier base of all potential suppliers, which forms a A supply chain network of a manufacturer contains all of its upstream suppliers. While each supplier has its unique competency and is capable to provide certain materials under certain conditions, their inclusion to a particular supply chain depends on the matching of their Table 2 lists all of the supply chain objects represented by places in Figure 5 . These objects are generic in the sense that each of them can offer a variety of items. As a result, each object instance corresponds to a particular item that the entity can deliver. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 peer-00525856, version 1 -13 Oct 2010 
CPN Model for Supply Chain Configuration
To fulfill a customer order, 
, where
M indicates the third motor design in VMP, VMP first decomposes the order into two assembly orders for DA and CA. Order decomposition is conducted in a way that receiving of the decomposed orders contributes to the timely delivery of the motor order 1 O . Based on the delivery requirements in the decomposed orders, the qualified suppliers of DA and CA are selected. Subsequently, four orders for parts Bs, Rt, St, and Sh are generated according to the requirements of the two assembly orders. Further, four qualified suppliers are determined to deliver the four orders for parts. Figure 6 shows the CPN model of the supply chain configured for fulfilling 1 O .
<<<<<<<<<<<<<<<<<<<<<<<Insert Figure 6 Here>>>>>>>>>>>>>>>>>>>>
The model is formally described as follows: (See Appendix for nomenclature.) 
) 
(5) The initial marking set: 
The information flow in the net model in Figure 6 is described as follows. Other added message passing relations can be specified in a similar way. 
The changes to objects, i.e., the change from 3 P , 5 P , 7 P , 8 P , 11 P , and 13 P to 2 P , 4 P , 6 P , 9 P , 10 P , and 12 P , result in 1) the changes to the input message places connecting to 1 g ;
and 2) the changes in output message places connecting to 6 g . For illustrative simplicity, 1 g is used to show how to modify the gate logic relationship functions. 
) As shown in Figure 7 , due to the selection of different suppliers, the information flow is changed as follows: , is generated and flows to 14 P . Table 3 gives the items, orders, assigned colors to tokens that represent orders, and the suppliers that can match with the colors in two models in Figures 6 and 7 . While the colors influence the enabling of gates, the firing of gates determines the flow of tokens. For example, the generation of the token with color b' enables 2 g rather than 3 g ; the firing of 1 g in relation to the token with color a' directs the two tokens with color b' and c' to 2 P and 4 P rather than 3 P and 5 P . The implication is that the descriptive data of 2 P and 4 P can match with the data indicated by color b' and c'. At gate 6 g , one token with a certain color is generated at the presence of four tokens residing in the four input places. For example, the tokens with color d', e', f', and g' lead to the generation of a token with color h' (the color of the token in the dummy place 14 P ), whilst the compatible color of the set of colors, including d, e, f, and g, is h (another color of the token in the dummy place 14 P ).
<<<<<<<<<<<<<<<<<<<<<<<Insert Table 3 Here>>>>>>>>>>>>>>>>>>>>
Evaluation of Supply Chain Configuration
Since more than one supply chain for an end customer order can be configured from the existing supply chain network of a company, it is necessary for the company to identify the optimal one so as to achieve the best added value. As it involves multiple decision variables and multiple performance criteria, it is difficult for a human being to directly compare all solutions. Simulation has been proven as a promising analysis tool to assist decision makers.
In this research, we adopt the Petri.NET Simulator 2.0 (http://petrinet.bigeneric.com) to Evaluation of supply chain configuration is not as straightforward as simply selecting one from a number of alternatives. Due to the complexity of supply chain network and the fast customer demand changes, two aspects are involved in supply chain configuration evaluation.
First, among all of the supply chains for fulfilling a customer order, an optimal one can be determined. However, when multiple orders are to be fulfilled at the same time, a company must configure a number of supply chains for the corresponding orders from its supply chain network. Due to the interrelations among suppliers, the optimal supply chain for each individual customer order may not be the optimal one considering the cohort of all of the customer orders. Thus, the second aspect addresses the evaluation of all possible supply chains with consideration of the supply chains for all the customer orders as a whole. The configured supply chains for these customer orders may or may not be identical.
We use the two orders, 1 O and 2 O , to carry out supply chain configuration evaluation using PN simulator 2.0. Two supply chains are considered for each order, respectively. Table 4 shows the product items, orders, and suppliers in the four supply chains.
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Conclusions
This paper introduces a new formalism based on colored PNs to model supply chain configuration with coordinated product, process and logistics design decision making. By shedding light on the implications of product, process and logistics decisions, the formalism is able to assist companies to form optimal supply chains in response to fast customer demand changes. This is accomplished by incorporating OO technique and a mechanism to handle structural changes into colored PNs. While the colored tokens and the OPNs collaboratively address the large number of suppliers and the various product items that they can produce, the change handling mechanism deals with the different structures of the configured supply chains.
Two steps have been identified in supply chain configuration, including configuring all possible supply chains and evaluating the configured supply chains. While both steps deserve more research efforts, we focus on configuring supply chains in the first step. We explain the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 peer-00525856, version 1 -13 Oct 2010 This eventually enables supply chain configuration automation. In spite of the significance of the proposed model in this study, there are some disadvantages inherent in the formalism. First, the formalism was developed to address supply chain configuration without paying too much attention to supply chain evaluation. As a result, it does not lend itself to evaluate the configured supply chains. Second, the well-recognized limitation of PN techniques is that PN models grow fast in accordance with the increase of system elements to be modeled. In this regard, if a large number of suppliers are involved, the supply chain configuration model to be constructed based on the proposed formalism may become too large for companies to understand.
In view of the limitations described above, the current work can be extended to cope with them. To address both supply chain configuration and supply chain evaluation, research efforts should be made to develop a comprehensive formalism by integrating the basic principles of well-defined PN extensions. Moreover, the formalism should be developed to reduce complexities when building system models in spite of the fact that many suppliers at different The total number of objects after the k-th change (2) k O
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